Abstract. Hydrogenation of CO 2 provides an alternative route for methanol production and attractive option for CO 2 utilization. The present work investigates the synthesis of Cu-based catalyst on mesoporous silica (SBA-15) and promotion of the Cu-based catalyst with niobium (Nb). The addition of Nb promoter enhanced the reducibility and dispersion of the active sites as well as increased the BET and Cu surface areas. The performance of the synthesized catalyst in the hydrogenation of CO 2 was evaluated in a fixed-bed microreactor at 523K, 22.5bar and H 2 /CO 2 of 3. The CO 2 conversion using the Cu/ZnO/SBA-15 catalyst was 14.2 % and increased to 17.1% on the Nb-promoted catalyst. The yield of methanol obtained using the un-promoted Cu-based catalyst was 51.4 g/h.gcat and it increased to 143 g/h.gcat over the Nb-promoted catalyst.
Introduction
Emission of CO 2 from various human activities contributes to the global warming. Increasing environmental concerns have led to an increase on efforts on CO 2 fixation through conversion to value-added chemicals and fuels. Hydrogenation of CO 2 to methanol is an important process that offers challenging opportunities for sustainable development in energy and environment. Methanol can be used as a solvent, a building block in the synthesis of various chemicals, fuel additive and fuel [1] [2] [3] [4] . Current industrial practice for methanol production uses syngas (a mixture of H 2 and CO) as a feedstock and a Cu-based catalyst on Al 2 O 3 support. Several important problems still remain open such as the low activity and stability of catalysts, which are partly attributed to Cu sintering. In order to enhance the catalytic performance, various supports, promoters, synthesis parameters and reaction conditions have been examined [5] .
To the best of our knowledge, the application of Nb promoter on Cu-based catalyst has not been reported elsewhere. This study investigated effects of Nb-promoter on the physicochemical properties of Cu/ZnO catalyst on SBA-15 support. The performance of the Nb-promoted catalyst has been compared to that of un-promoted catalyst in the hydrogenation reaction of CO 2 to methanol.
Methodology
The experimental work involved synthesis of catalysts, characterization of the prepared catalysts and evaluation of catalytic performance in the CO 2 hydrogenation reaction.
Preparation of Catalysts. Mesoporous Santa Barbara amorphous silica (SBA-15) was used as a catalyst support and it was synthesized by the hydrothermal method [6] . Typically, a homogeneous mixture consisting of tri-block copolymer Pluronic P123 (EO20PO70EO20, MW = 5800, Aldrich) C for 4 h under atmospheric pressure. Then reactant gas with H 2 /CO 2 of 3:1 molar ratio was introduced at 35 mL min -1 and the pressure was raised to 22.5 bar. All post-reactor lines and valves were heated to 180 o C to prevent product condensation. The feed and gaseous products were analyzed by an on-line gas chromatograph (Agilent 7890A) equipped with HayesepQ and molsieve columns and a TCD detector for analysis of H 2 and permanent gases. Methanol and other hydrocarbons were analyzed using DB-1 column and the FID detector. Reactions were conducted for 10 hours and product samplings were performed at 30 minutes interval.
Results and Discussion
The textural properties and composition of the samples are shown in Table 1 . Surface areas and pore sizes of the samples were obtained from N 2 adsorption/desorption isotherms (77 K) using BET and BJH methods, respectively. The relatively large BET surface area of the catalyst support is typical for mesoporous SBA-15 silica material [3] . However, the surface area and pore volume were found to decrease in the presence of Cu/Zn due to pores blockage, as evidenced by the TEM image (Figure 1 ). The un-promoted Cu/ZnO catalyst was formulated using Cu:Zn ratio of 7:3 while the Nb content was 1 wt% for the promoted catalyst. The elemental composition was determined from EDX analyses and the results obtained were as expected. The small discrepancy in Nb content could be due to sample loss during the preparation step. (Fig. 1a) exhibits highly ordered channel of mesoporous silica, similar to that reported by Wang et al. [7] . Figure 1(b) shows that Cu/ZnO nanoparticles were dispersed on the external and internal surfaces of the SBA-15 channels. However, the presence of Nb promoter resulted in formation of agglomerated and larger nanoparticles on the SBA-15 support, as shown in Figure 1 (c). The average particle sizes were estimated using various TEM images and the values obtained for the un-promoted and Nb-promoted samples were 9 and 17 nm, respectively. The observed morphological change suggest that Nb played the role of a textural promoter. Table 2 shows the physicochemical properties of the samples and their performance in a CO 2 hydrogenation reaction. The reduction temperature was obtained from H 2 -TPR profile. The Cu metal surface area and dispersion were determined from nitrous oxide pulse chemisorption technique. The turnover frequency (TOF) is defined as the rate of methanol formation (A) per amount of surface copper atoms, as shown in Eq. 1. The presence of Nb improved the reducibility of the Cu/ZnO as shown by the 45 o C shift in reduction peak to lower temperature compared to that of the un-promoted catalyst. The Nb promoter increased the particle size of the active metal and reduced the metal-support interaction thus improved the reducibility, Cu metal surface area and dispersion which consequently improved the catalytic activity of the Cu/ZnO catalyst system in terms of CO 2 conversion, methanol yield and TOF values.
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Engineering Materials and Applied Technologies Fig. 2 shows the product distribution obtained from CO 2 hydrogenation in the presence of un-promoted and Nb-promoted Cu/ZnO/SBA-15 catalysts. The main product was methanol and other products detected were ethanol, acetone and methane. The Nb-promoter enhanced the selectivity to methanol due to increase in metal surface area and Cu dispersion [2] . 
Summary
The synthesis and characterization of Cu-based catalyst on SBA-15 support have been carried out and the catalyst performance in CO 2 hydrogenation reaction have been investigated. Nb-promoter resulted in an increase in particle size, a decrease in BET surface area and an increase in Cu dispersion and reducibility. Thus, Nb promoter is a promising textural and chemical promoter for the Cu-based catalyst. The Nb-promoted Cu/ZnO/SBA-15 catalyst exhibited superior performance compared to that of the un-promoted catalyst.
